Photodynamic therapy (PDT) is an innovative and attractive method to treat cancer and other obstinate diseases \[[@CIT0001],[@CIT0002]\]. PDT requires both a selective photosensitizer and a light source, which matches the absorption spectrum of the photosensitizer. PDT is considered a promising alternative approach to treat antibiotic-resistant bacterial strains \[[@CIT0003]\]. Phleichrome, a fungal perylenequinone with photodynamic activity, has been isolated from the phytopathogenic fungus *Cladosporium phlei*. Phleichrome has a structure of 1,12-bis-(2-hydoxypropyl)-2,6,7,11-tetramethoxy-4,9-dihydroxyperylene-3,10-quinone, a derivative of 4,9-dihydroxy-3,10-quinone, and the spectrum of phleichrome has absorption maxima at 226, 260, 274, 474, 540, and 584 nm \[[@CIT0006],[@CIT0007]\]. In our previous study, we reported that phleichrome converted oxygen into reactive oxygen species (ROS) when illuminated \[[@CIT0007]\]. Photosensitizer is activated to generate short-lived toxic species upon absorption of the certain wavelength of light during PDT treatment. Therefore, in this study, we measured the *in vitro* photodynamic activities of phleichrome in the presence or absence of light to investigate the *in vitro* photodynamic activity of phleichrome against representative human pathogenic bacteria and cancer cell lines.

Thirteen human pathogenic bacteria strains, including six Gram-positive and seven Gram-negative strains were tested for photodynamic bactericidal activity ([Tables 1](#t0001){ref-type="table"} and [2](#t0002){ref-type="table"}). All strains were grown on Luria--Bertani agar medium (1% tryptone, 0.5% yeast-extract, 1% sodium chloride, and 1.5% agar) and incubated at 37 °C for 16--18 h. The bacterial suspensions were prepared in Luria--Bertani broth at a final concentration of approximately 1.0 × 10^8^ CFU/mL. The photodynamic bactericidal activity of phleichrome was analyzed using the agar-well diffusion method under dark and illuminated conditions, as described previously \[[@CIT0008]\]. Purified phleichrome was dissolved in absolute ethanol and used for further analysis. Briefly, paper discs (Advantec, Tokyo, Japan), containing 5, 10, 25, and 50 μg of purified phleichrome, were prepared. Discs containing absolute ethanol were used as a control. All culture plates were incubated under 3.8 × 10^6^ lx irradiation for 10 h, and the diameters of the inhibition zones were measured to compare the strains.

###### 

Photoinactivation results for the different bacterial strains under the dark condition.

  Gram type   Strain                           Concentration of phleichrome (μg/disk)                         
  ----------- -------------------------------- ---------------------------------------- ---- ---- ----------- -----------------
  Gram (+)    *Bacillus cereus*                --                                       --   --   9.7 ± 0.5   10.5 ± 0.2\*^a^
              *Bacillus infantis*              --                                       --   --   9.8 ± 0.2   11.4 ± 0.1\*
              *Enterococcus faecium*           --                                       --   --   --          --
              *Enterococcus hirae*             --                                       --   --   --          --
              *Staphylococcus saprophyticus*   --                                       --   --   --          --
              *Staphylococcus xylosus*         --                                       --   --   --          --
  Gram (−)    *Cronobacter sakazakii*          --                                       --   --   --          --
              *Enterobacter cowanii*           --                                       --   --   --          --
              *Escherichia coli*               --                                       --   --   --          --
              *Escherichia hermannii*          --                                       --   --   --          --
              *Pantoea agglomerans*            --                                       --   --   --          --
              *Pantoea ananatis*               --                                       --   --   --          --
              *Pantoea anthophila*             --                                       --   --   --          --

All numerical results indicate diameters of the inhibition zones (mm).

^a^ *t*-test was performed at *p* = .05 versus the value of 25 μg/disk.

\*denotes significant difference at *p* \< .05.

###### 

Photoinactivation results for the different bacterial strains under the illuminated condition.

  Gram type   Strain                           Concentration of phleichrome (μg/disk)                                                  
  ----------- -------------------------------- ---------------------------------------- ---------------- -------------- -------------- ----------------------------------------------
  Gram (+)    *Bacillus cereus*                --                                       12.7 ± 0.9a^a^   14.3 ± 0.6ab   17.0 ± 0.7bc   17.6 ± 0.3c
              *Bacillus infantis*              --                                       13.1 ± 0.1a      14.4 ± 0.9ab   15.2 ± 0.6ab   15.8 ± 0.4b
              *Enterococcus faecium*           --                                       --               --             14.2 ± 0.7     16.7 ± 0.4[\*^b^](#TF5){ref-type="table-fn"}
              *Enterococcus hirae*             --                                       --               --             13.7 ± 0.2     15.6 ± 0.3\*
              *Staphylococcus saprophyticus*   --                                       10.8 ± 0.5a      14.2 ± 1.1ab   15.3 ± 0.6bc   19.4 ± 1.4c
              *Staphylococcus xylosus*         --                                       12.6 ± 0.6a      13.6 ± 0.6ab   14.9 ± 0.6ab   15.7 ± 0.8b
  Gram (−)    *Cronobacter sakazakii*          --                                       --               --             --             --
              *Enterobacter cowanii*           --                                       --               --             --             --
              *Escherichia coli*               --                                       --               --             --             --
              *Escherichia hermannii*          --                                       --               --             --             --
              *Pantoea agglomerans*            --                                       --               --             --             --
              *Pantoea ananatis*               --                                       11.8 ± 0.4a      14.5 ± 1.0ab   14.5 ± 0.3ab   16.6 ± 1.0b
              *Pantoea anthophila*             --                                       --               --             --             --

All numerical results indicate diameters of the inhibition zones (mm).

^a^Statistical analyses were performed using ANOVA at *p* = .05 using SPSS software (IBM Corp., Armonk, NY). Different letters (a, b, and c) indicate values significantly different from the other treatment.

^b^ *t*-test was performed at *p* = .05 versus the value of 25 μg/disk.\*denotes significant difference at *p* \< .05.

As a result of analysis of photodynamic bactericidal activity, all other bacterial strains, except two *Bacillus* strains, showed normal growth compared to that of the control disk under the dark condition. Growth of the two *Bacillus* strains was inhibited dose dependently in the dark ([Table 1](#t0001){ref-type="table"}). However, growth was inhibited in a dose-dependent manner in all Gram-positive bacterial strains, including *Bacillus cereus, B. infantis, Enterococcus faecium, E. hirae, Staphylococcus saprophyticus,* and *S. xylosus* under the illuminated condition ([Table 2](#t0002){ref-type="table"}). Six of the seven Gram-negative bacterial strains, *Cronobacter sakazakii*, *Enterobacter cowanii*, *Escherichia coli*, *E. hermannii*, *Pantoea agglomerans*, and *P. anthophila* were not sensitive to phleichrome under the illuminated condition. Interestingly, growth was inhibited in a dose-dependent manner by phleichrome in one Gram-negative bacteria strain, *P. ananatis*, under the illuminated condition ([Table 2](#t0002){ref-type="table"}).

Additionally, we examined the antitumor efficacy of phleichrome in four human cancer cell lines (HeLa cervical cancer cells, HepG2 liver cancer cells, MCF-7 breast cancer cells, and SW480 colon cancer cells) using cytotoxicity assays, as described previously \[[@CIT0009]\]. Briefly, 1.0 × 10^5^ cells/mL were seeded in 96-well plates and incubated under 5% CO~2~ at 37 °C for 24 h. Fresh medium supplemented with various concentrations (0, 5, 10, 25, and 50 μg/mL) of phleichrome was added to each well and further incubated for 4 h. Then, one group was illuminated for 20 min at 2.3 × 10^6^ lx and another group remained in the dark. All treated cell lines were incubated for another 24 h followed by the addition of 10 μL WST solution (EZ-Cytox, Daeillab, Seoul, Korea) and further incubation for 4 h. The cell viability index was determined by measuring formazan production using a microplate reader (Benchmark Plus; Bio-Rad, Hercules, CA) at 480 nm with a reference wavelength of 650 nm, which is used to quantify the basal absorption of the plate.

Evaluation of the antitumor efficacy showed that viability of the HeLa, SW480, and MCF-7 cancer cell lines decreased significantly and dose dependently in response to 5--50 μg/mL phleichrome under the dark condition ([Figure 1](#F0001){ref-type="fig"}). The HeLa, SW480, and MCF-7 cell lines had their lowest viability with 50 μg/mL treatment. No significant difference in viability was observed in the HepG2 cell line in response to phleichrome under the dark condition ([Figure 1(A)](#F0001){ref-type="fig"}). However, the three phleichrome-sensitive cell lines showed more rapidly reduced viability under the illuminated condition ([Figure 1](#F0001){ref-type="fig"}). The lowest viability in the HeLa and MCF-7 cell lines was detected in the 25- and 10-mM treatments under the light compared to the dark condition, respectively. The SW480 cell line was 29.5--58.7% more sensitive to phleichrome in the presence of light than in the absence of light. Interestingly, HepG2 showed dose-dependent sensitivity to phleichrome only under the illuminated condition. Among all of the cell lines, MCF-7 cells were the most sensitive to phleichrome.

![Effects of phleichrome on cancer cell viability. Cell viability was measured in (A) HepG2, (B) HeLa, (C) SW480, and (D) MCF-7 cell lines under dark (black bar) and illuminated conditions (white bar). Results are the means ± standard deviation (SD) of triplicate independent experiments. Statistical analyses were performed using ANOVA at *p* = .05 using SPSS software (version 23.0, IBM Corp., Armonk, NY).](TMYB_A_1551599_F0001_B){#F0001}

Photodynamic activity is widely used in various fields, including biology, chemistry, and medicine \[[@CIT0010],[@CIT0011]\]. The antimicrobial applications of PDT are rapidly growing compared to traditional anti-cancer applications \[[@CIT0012]\]. Although many significant advances have been made in photosensitizers, there are several limitations, such as skin photosensitivity, pain experienced by patients during irradiation, and limited treatment depth \[[@CIT0013]\]. Therefore, it is important to discover and develop new photosensitizers. In this study, the photodynamic activity of phleichrome, a new fungal perylenequinone, was investigated.

Gram-positive bacterial strains were more sensitive to phleichrome than Gram-negative bacterial strains, i.e. all Gram-positive bacterial strains were photoinactivated, whereas only one Gram-negative bacteria, *P. ananatis*, was photoinactivated by phleichrome. These results are consistent with those of other studies showing that Gram-positive bacteria are remarkably sensitive to the photosensitizing action. Photoinactivation process of Gram-type bacteria is dependent on presence of the outer membrane, the number of positive charges, charge distribution, chemical structure, and the nature of *meso*-substituent groups present on the macrocycle periphery, but the specific mechanism related to Gram type has not yet been completely elucidated \[[@CIT0014]--[@CIT0017]\]. Therefore, further studies are required to understand the species-specific photodynamic mechanisms of photoinactivation.

Phleichrome showed cytotoxic effects on HeLa, MCF-7, and SW480 cell lines under the dark condition. However, pheichrome was more toxic to those cancer cells under the illuminated condition than under the dark condition. Interestingly, HepG2 liver cancer cells were only sensitivity to phleichrome under the illuminated condition. These results indicate the broad-spectrum antitumor efficacy of phleichrome regardless of the cell line. Considering the specific photoinactivation effect on HepG2 cells using phleichrome, it may be more suitable for treating liver tumors than for other tumors.

In this study, we investigated the bactericidal and antitumor activities of phleichrome from the phytopathogenic fungus *C. phlei*. We observed that phleichrome had species-specific photoinactivation activity against bacteria. In addition, the photoinactivation activity of phleichrome was effective in all tested tumor cell lines. These results suggest that phleichrome has the potential for further development as a PDT agent related to its bactericidal and antitumor activities.
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